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Abstract 
Aggregate takes up 60%~90% of total volume of concrete. Thus, concrete properties are highly affected by 
physical properties of its aggregate such as aggregate size distribution. With a view to achieve optimized gradation, 
there are various aggregate gradation tools or methods, such as, gradation curve, individual percent retained (IPR) 
curve, “8-18” band and combined fineness modulus (fineness modulus of total aggregate) etc. In this research, a 
comparative analysis of various tools and methods of aggregate gradation was performed through a number of trial 
mixes. Also a comparison of combined gradation and fractional (mixing fine and coarse aggregate) gradation is given. 
The workability, density and strength results from these concrete mixes are finally compared to propose a suitable 
aggregate gradation. 
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1. Introduction 
The optimization of aggregate gradation is advantageous for economical and technical reasons. The 
most well-liked and well-known methods of aggregate gradation include: i) using two different segments 
of aggregate (i.e. Fine aggregates (FA) and Coarse aggregates (CA)), ii) using total aggregate gradation 
that is combined aggregate gradation. Later method is attracting more interests in recent days. Among 
several methods of combined aggregate gradation, most popular methods incorporates – using combined 
fineness modulus (FM) and/ or using band gradation such as “8-18” band. 
In this paper, emphasis was given on mainly concrete compressive strength and workability for 
different aggregate gradations. Here, eight different aggregate gradation methods had been selected for 
comparison. The objectives of this research were to compare different aggregate gradation methods and 
from this comparison find out a suitable aggregate gradation for concrete. 
2. Background 
2.1 Significance of the experiments 
It is already well established that aggregate gradation plays a fundamental function on fresh and 
hardened concrete properties. An optimized aggregate gradation can reduce the cement content by a 
significant amount which is the most valuable part of concrete. To achieve the optimized gradation, 
several aggregate gradation methods are present in the record of concrete and aggregate history. But any 
comparison of these gradation methods in favor of better concrete properties was never been initiated. 
And it may be indubitable that conducting lab experiments is the best preference for examining the effect 
of aggregate gradation on concrete. Thus, here a series of trial concrete mixes with different aggregate 
gradation were prepared to get a comparatively better aggregate gradation method in requisites of 
concrete properties mainly compressive strength and workability. 
2.2 Code practice of gradation methods 
The present practice of aggregate gradation is to calculate the amount of coarse aggregate (weight or 
volume) by using mainly the FM of fine aggregate and also some other factors such as: w/c content, dry-
rodded unit weight of aggregate etc. However, this method is being highly criticized, because  for most of 
the cases when two fraction of aggregate (fine and coarse) are mixed there are high potential that the total 
aggregate will be gap graded because of the less amount of some intermediate particles (Shilstone 1990). 
Figure 1(a) shows the limit of fine aggregate (overall limit of fine aggregate) and coarse aggregate as per 
BS 882. Coarse aggregate limit is defined by mixing 20 mm and 10 mm single sized aggregate (gradation 
satisfying single sized gradation as per BS 882) combined in 1:2 ratio as suggested in British mix design 
method. Mixing ratio of fine and coarse aggregate are determined from BS mix design method using the 
FM, w/c ratio, maximum size of aggregate and required slump (60 to 180 mm).  Figure 1(b) shows the 
Individual percent retained (IPR) curve of combined aggregate. From this curve it is clearly visible that 
the proportion of some intermediate particles (0.6 mm to 2.36 mm) are comparatively low (4~6%). 
Similar things occur in case of ACI mix design. When two fractions of aggregate (shown in figure 2(a)) 
are combined as per ACI mix design method, the combined gradation becomes gap-graded as shown in 
figure 2 (b). 
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2.1 Combined fineness modulus 
Abrams (1918) first introduced the idea of FM as a tool of aggregate gradation. The main drawback 
of FM is that for any single FM there could be numerous gradations of various aggregate contents 
(Besson 1935). Although the uses of FM of only fine aggregate are highly discouraging, but there have 
some recent interest in using the FM of combined (total) aggregate (Richardson 2005, Taylor 1986). 
2.2 Band gradation 
Holland (1990) is generally credited with having initiated interests in recommending band gradation 
with the “8-18” band. “8-18” band requirement is that the total percentage of fine and coarse aggregate 
retained on any one sieve to be in between 8 and 18 percent. 
2.3 Suggested gradation 
The main problem of band gradations was found from analysis that the fine aggregate to total 
aggregate ratio (FA/TA) may be of a wide range (0.28 to 0.65) and similarly FM will also vary in a wide 
range. Thus, the slump and strength will also vary, so that the band gradation may not be always 
suggestible. The authors have defined two new gradations for fixing this FA/TA ratio and FM of fine 
aggregate within a range. As in preliminary stage these zones were defined only for aggregates which 
nominal maximum size is 20 mm. 
3. Experiments 
3.1 Aggregate gradations 
2630  W.B. Ashraf and M.A. Noor / Procedia Engineering 14 (2011) 2627–2634
Concrete Mixes were prepared using local materials in Dhaka, such as local cement brand (CEM II-
B/M), local sand (FM = 1.13), Sylhet sand (FM = 2.75), local coarse aggregate (stone chips). Table 1 
shows the aggregate gradation method for different mixes and figure 4 shows gradation curves and IPR 
curves for all of these mixes. 
Table 1: Aggregate gradation method for Different Mixes 
Mix
ID
Method of Aggregate Gradation 
Mix-
1
Coarse and Fine aggregate gradation conforms ASTM C33limit and combined as 
per ACI mix design method. 
Mix-
2
20 mm All-in-Aggregate gradation as specified in BS 882:1992 
Mix-
3
20 mm and 10 mm single size combined in 1:2 ratio and fine aggregate, all 
aggregate gradation conforms BS882:1992 
Mix-
4
"10-15" Band Gradation 
Mix-
5
"8-18" Band Gradation 
Mix-
6
"6-22" Band Gradation 
Mix-
7
“5-10-18-22” band (Suggested Gradation)  
Mix-
8
“5-10-14-18” band (Suggested Gradation) 
Figure 4: Aggregate Gradations for Trial Mixes 
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Figure 4: Aggregate Gradations for Trial Mixes (contd.) 
3.1 Concrete trial mixes 
To compare the different aggregate gradation methods, mix design was done for a fixed w/c ratio 
(0.44) and total aggregate. Only the aggregate gradations were varied. 4" X 8" concrete cylinder samples 
were prepared and tested according to ASTM standards at 7days, 14 days and 28 days. Three samples 
were cast in each case. Table 2 shows the mix proportions. 
Table 2: Mix proportions in SSD condition 
Component Required (kg/m3) By Weight (kg) ( For three samples) 
Water 180.00 3.7 
Cement 410.00 8.45 
Aggregate 1670 34.35 
4. Results and Discussions 
Table 3 and table 4 show aggregate properties and concrete properties respectively, found from 
standard tests of trial mixes. Table 3 indicates that percent voids for all type of gradations are nearly same, 
irrespective of well graded or not, as it was proved by Karthik and Kim (2008). 
Table 3: Aggregate properties for different mixes 
Mix ID FA/TA Combined FM FM 
Aggregate
Density (kg/m3)
% Void 
Content 
Mix-1 0.47 5.48 2.82 1664 36 
Mix-2 0.48 5.18 2.57 1647 37 
Mix-3 0.35 5.96 4.64 1701 35 
Mix-4 0.54 5.44 3.28 1682 35 
Mix-5 0.54 5.58 3.59 1664 36 
Mix-6 0.38 5.78 3.15 1663 36 
Mix-7 0.33 5.81 2.83 1666 36 
Mix-8 0.49 5.32 2.81 1656 36 
Table 4: Concrete properties for different mixes 
Mix ID 
Fresh
Concrete Density 
(kg/m3)
Slump (mm) 
Strength 
(MPa) 
7 Days 14 Days 28 Days 
Mix-1 2302 31.8 18 26 30 
Mix-2 2256 65 38 39 46 
Mix-3 2204 0 21 29 31 
Mix-4 2258 0 35 42 51 
Mix-5 2284 6.4 28 33 37 
Mix-6 2292 3 29 31 40 
Mix-7 2290 25.4 38 45 47 
Mix-8 2266 31.8 33 38 50 
4.1 Combined and Fine aggregate fineness modulus 
From figure 5, it seems there might be a specific relationship between concrete compressive strength 
with FM of fine aggregate which was first noted by Abrams (1924). But when compressive strength is 
plotted against combined aggregate FM, no distinct pattern of variation can be observed. Similar result is 
found when slump is plotted against FM. Slumps seem to vary in a more specific trend with the FM of 
FA than the FM of combined aggregate. Since workability and strength are two main criteria of concrete 
mix design, and FM of combined aggregate does not seem to have any specific relation with these 
W.B. Ashraf and M.A. Noor / Procedia Engineering 14 (2011) 2627–2634 2633
parameters, FM of fine aggregate is therefore found to be a better parameter for mix design of concrete 
than the combine aggregate FM. 
4.2 Optimized gradation 
Figure 6 shows the increase of strength with time for all the trial mixes. Maximum 28 days cylinder 
strength is found for “8-18” band gradation. But its workability was found to be very low (6.35 mm). 
Figure 7 shows the comparison of slump (mm) and 28-days compressive strength (MPa) for different trial 
mixes. But to be an optimum mix, workability and strength both are the primary requirements. From 
figure, it can be observed that only “5-10-14-18” and “5-10-18-22” band gradations give both strength 
and workability in sufficient amount. 
Figure 6: Compressive Strength (MPa) vs. Time 
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Figure 7: 28-days Compressive strength (MPa) vs. Slump (mm) 
5. Conclusions 
From this research it has been found that the concrete compressive strength and workability are 
highly affected by its aggregate gradation. Moreover, concrete compressive strength can be increased 
more than 50% just by altering its aggregate gradation. This research work also proves that the concrete 
properties are more related to fine aggregate FM than that of combined aggregate. After analyzing the 
concrete compressive strength results and workability, concrete made with suggested aggregate 
gradations “5-10-14-18” and “5-10-18-22” bands are confirmed to be better concrete than other mixes. It 
indicates that band gradation of aggregate gives better concrete only if some parameters are maintained 
within a range, as it is included in suggested “5-10-14-18” and “5-10-18-22” gradations. 
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